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A Null Mutation in Inositol Polyphosphate
4-Phosphatase Type I Causes Selective
Neuronal Loss in Weeble Mutant Mice
inositol 5-phosphatase activity, and the Drosophila mel-
anogaster mutant ipp (Acharya et al., 1998), which is
an inositol polyphosphate 1-phosphatase, both show
defects in synaptic vesicle dynamics. The mouse muta-
tion opisthotonus, which causes seizures and ataxia
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without obvious neuronal loss, results from a defect
in the calcium release channel, type 1 inositol 1,4,5-
triphosphate receptor, leading to a disruption in the con-Summary
trol of intracellular Ca2 stores (Matsumoto et al., 1996;
Street et al., 1997). A targeted mutation in Minpp1, multi-Weeble mutant mice have severe locomotor instability
ple inositol polyphosphate phosphate, yields mice with-and significant neuronal loss in the cerebellum and in
out obvious defects, suggesting the existence of a sub-the hippocampal CA1 field. Genetic mapping was used
stitute multiple phosphatase (Chi et al., 2000).to localize the mutation to the gene encoding inositol
The weeble mutation occurred in the gene encodingpolyphosphate 4-phosphatase type I (Inpp4a), where
inositol polyphosphate 4-phosphatase type I (Inpp4a,a single nucleotide deletion results in a likely null allele.
accession number AF317838), giving rise to a patho-The substrates of INPP4A are intermediates in a path-
physiological mechanism that is seemingly differentway affecting intracellular Ca2 release but are also
from those described above. INPP4A is expressedinvolved in cell cycle regulation through binding the
highly in normal brain tissue, from which it was initiallyAkt protooncogene; dysfunction in either may account
isolated, but it is expressed to a lesser degree in otherfor the neuronal loss of weeble mice. Although other
tissues. INPP4A enzyme catalyzes the hydrolysis ofmutations in phosphoinositide enzymes are associ-
the 4-position phosphate of inositol 3,4-bisphosphateated with synaptic defects without neuronal loss, wee-
[Ins(3,4)P2], inositol 1,3,4-trisphosphate [Ins(1,3,4)P3],ble shows that Inpp4a is critical for the survival of a
and to a greater degree phosphatidylinositol 3,4-bisphos-subset of neurons during postnatal development in
phate [PtdIns(3,4)P2] (Norris et al., 1995). The first twomice.
substrates are intermediates in the breakdown of
Ins(1,4,5)P3 to inositol, the former being important forIntroduction
Ca2 release via the previously mentioned calcium re-
lease channel (Berridge, 1993b). The phospholipid sub-The “weeble” mouse mutation causes a combination of
strate of INPP4A, PtdIns(3,4)P2, has been shown to in-recessive neuroanatomical abnormalities which has not
crease following stimulation of cells by growth factors
been observed in other neurological mutant mice, in-
that activate phospholipid 3-kinase (PI3-K) (Carpenter
cluding postnatal neuronal loss in the cerebellum and
and Cantley, 1996). PtdIns(3,4)P2 has been shown toin the CA1 field of the hippocampus. The positional directly bind and activate the Akt protooncogene, which
candidate approach described in this article shows that is involved in cell proliferation (Franke et al., 1997). This
the defective gene encodes a key enzyme involved in result is consistent with recent studies in megakaryo-
inositol metabolism. Inositol metabolites are second cytes, which have suggested that Inpp4a is a regulator
messengers that have been shown to be involved in of cell proliferation (Vyas et al., 2000). Despite the knowl-
diverse cellular activities, including release of intracellu- edge of its enzymatic activity and cellular function of
lar Ca2 by inositol 1,4,5-trisphosphate (Berridge, 1993a; its substrates, the assessment of Inpp4a function in a
Berridge and Irvine, 1989; Streb et al., 1983). The modu- natural setting has been impeded by a lack of mutant
lation of the activity of inositol signaling molecules is animals. The weeble mouse mutation provides a new
performed by several kinases and phosphatases that resource for the study of inositol metabolism and its
drive this pathway (reviewed by Majerus, 1996; Majerus role in neurodevelopment.
et al., 1999; Zhang and Majerus, 1998). The phenotypic
consequences of disruptions in these genes have been Results
described for a variety of systems, including immune
(Helgason et al., 1998), testicular (Janne et al., 1998), Neurological Defects in Weeble Mice
multisystem disorders, such as Lowe’s oculocerebrore- The weeble mutation arose spontaneously on a C57BL/
nal syndrome (Attree et al., 1992), and purely neurologi- 6J-Aw background in 1996. The locomotor defect is re-
cal. The neurological aspects of PI metabolism defects cessive, and affected mice are distinguished easily from
are not well understood. The few examples that have wild-type littermates at postnatal day 10 (P10) by their
been described point to synaptic vesicle defects and smaller size and poor righting reflex. Ataxia becomes
lack of control over intracellular calcium stores as possi- apparent at P14, and by P24 mice usually die. The pos-
ble pathological mechanisms. A targeted mutation of ture of a dead mouse, often with forelimbs and hindlimbs
mouse synaptojanin-1 (Cremona et al., 1999), which has in full extension, would suggest that mice can die from
maximal seizures, although general failure to thrive
(e.g., dehydration, starvation)—despite attentive special1 Correspondence: wnf@jax.org
care—cannot be excluded. No overt locomotor defect2 Present address: Department of Environmental Health, Colorado
State University, Fort Collins, Colorado 80521. has been observed in obligate heterozygotes.
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Figure 1. Hematoxylin and Eosin Staining Shows Neuroanatomical Abnormalities in Mutant Mice
(A) Shows the cerebellum of an affected mouse at P4 (/ indicates the homozygous mutant Inpp4awbl/wbl genotype), and (B) is an unaffected
littermate at P4 (/ indicates the wild-type Inpp4a/ genotype). Scale has been preserved between (A) and (B). (C) Shows similarly the
cerebellum of an affected mouse at P8, and (D) shows an unaffected littermate at P8. (E) Shows the cerebellum of an affected mouse at P21.
Scale was preserved between (C), (D), and (E). Note that at P4 the cerebellum appears normal; at P8, the proper cortical layers and folia are
present, although the folia appear poorly developed; by P21, the cerebellum has almost completely degenerated. (F) Shows the hippocampus
from an affected mouse at P21, and (G) is an unaffected littermate at the same age. Note the thinning CA1 region in the P21 affected mouse,
arrow.
Using histological analysis, we discovered that wee- is just prior to death in weeble mice and past the comple-
tion of normal cerebellar development. No significantble mice have a severe defect of the cerebellum and
hippocampus, associated with cell death of a subset differences are seen at P4 (Figures 1A and 1B). At P8,
the cerebellum in the homozygotes is grossly smallerof neurons during postnatal development. Homozygous
weeble and control mice were examined at P4 and P8, and immaturely formed compared to controls; however,
folia and appropriate cortical layers are present (Figuresbefore a locomotor defect is visible, and at P21, which
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Figure 2. Anticalbindin Staining Shows Cerebellar Purkinje Cell Loss at an Early Stage
(A) Shows an affected mouse at P6; (B) shows an unaffected mouse at P6. (C) Shows an affected mouse at P8; (D) shows an unaffected
mouse at P8. (E) Shows an affected mouse at P12; (F) shows an unaffected mouse at P12. Purkinje cells are stained brown; sections are
counterstained with hematoxylin (blue). Note the mostly uniform distribution of the Purkinje cell monolayer in unaffected mice, while affected
mice show a progressive loss, but they are properly localized. Dendritic arbors are present in some Purkinje cells of affected mice at P8,
inset (C), but are absent at P12, inset (E), where no light-brown staining material is seen between the Purkinje cell layer and the thinning EGL.
Genotypes are coded as in Figure 1.
1C and 1D). At P21, the cerebellum has degenerated revealed the occasional pycnotic nucleus and foci of
reactive microgliosis, particularly in the deep layers offurther (Figure 1E), and pronounced pyramidal cell de-
generation is noted, specifically in the CA1 field of the the cerebral cortex, no other major abnormalities are
evident (data not shown).hippocampus (Figures 1F and 1G). Closer inspection of
the CA1 region at P21 shows only a few normal-looking Calbindin immunostaining was used to visualize cere-
bellar Purkinje cells in early postnatal development. Al-pyramidal neurons and an occasional neuron with a pyc-
notic nucleus, suggestive of apoptotic cell death. Al- though weeble Purkinje cells form a monolayer at the
proper location between the developing molecular andthough a detailed examination of the rest of the brain
Neuron
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Figure 3. TUNEL Staining to Identify Apoptotic Cells in Mutant Mice
(A) Shows a cerebellum of a P21 affected mouse; the blue indicates DAPI-stained nuclei. (B) Shows the same section with fluorescein-positive
apoptotic cells. (C) Shows a folium from an unaffected mouse at P21. (D) Shows the same section with no fluorescein-positive cells. The
hippocampus of an affected mouse at P12 is shown in (E) through a triple-pass filter, showing apoptotic cells (arrows). Apoptosis is not seen
in the unaffected mouse (F). Genotypes are coded as in Figure 1.
granular layers in early stages (see Figure 2A), progres- region. Dendritic arbors are missing in some darkly
staining rounded cells, but full arbors are present in asive Purkinje cell loss is detected as early as P6 (Figures
2A and 2B), is widespread by P8 (Figures 2C and 2D), few more normal looking cells at P8. By P12, dendritic
arbors are nonexistent in all cells, and the molecularand is severe by P12 (Figures 2E and 2F). Few Purkinje
cells are spared; however, the remaining Purkinje cells layer is consequently thinner. Eosin counterstaining
shows a normal density of granule cells in the externalappear to be roughly grouped together in the caudal
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Figure 4. Positional Cloning of the Weeble Gene
A physical map of RCPI-23 BACs and a single YAC is shown in (A); solid circles indicate the presence of an STS in the clone. A genetic map
and recombination events are shown in (B); solid squares indicate homozygosity for the disease allele, crosshatched boxes are heterozygous,
and open are homozygous for the wild-type allele. In (C), the forward sequences are shown, which indicate the deletion mutation that was
detected in affected mice but not in the strain of origin, C57BL/6J-Aw.
granule layer (EGL); however, in later stages, internal 1200 F2 progeny from C57BL/6J-Aw-wbl/  CAST/
EiJ matings. Several mice carrying recombinant chro-granule cells are reduced in number. These data suggest
that the granule cell loss may be secondary to the Pur- mosomes enabled us to narrow the interval further (Fig-
ure 4A). One marker was derived from the 3 untrans-kinje cell loss.
TUNEL staining was used to determine whether the lated region of the gene Inpp4a and was known to
localize to a yeast artificial chromosome (YAC) thatcell loss is apoptotic. At P21, TUNEL-positive granule
cells were observed in weeble mice, while none were flanked the critical interval. The 3 UTR of Inpp4a was
polymorphic in the mapping cross and was determinedseen in the wild-type controls (Figures 3A–3D). At an
earlier time point (P12), TUNEL-positive granule cells to be nonrecombinant with weeble in 2400 meiotic
events. By using Inpp4a as a starting point, a high-are seen in both wild-type (as part of normal develop-
ment) and affected mice, but there are significantly more density genetic and physical map was created from a
minimal tiling path of three bacterial artificial chromo-apoptotic cells in the affected cerebellum (data not
shown). Although TUNEL staining was not observed in somes (BACs), eventually allowing the critical interval
to be reduced to 0.2 cM.Purkinje cells at either time point, apoptosis was seen
in the CA1 region of the hippocampus and also sporadi-
cally throughout the cerebral cortex of P12 mutant mice Putative Null Mutation Identified in Inpp4a
Inpp4a RNA could not be detected in weeble mutantat a much higher frequency than in control littermates
(Figures 3E and 3F and data not shown). mice, either by blot analysis (Figure 5A) or by more
sensitive RT-PCR (e.g., Figure 5B). A genomic se-
quence-based PCR assay based on draft BAC se-Inpp4a as a Positional Candidate
The weeble mutation (allele symbol wbl) was linked to quences, kindly provided by the Washington University
Genome Center, was designed to identify the mutation.genetic markers on the centromeric half of chromosome
1, and its critical interval was narrowed by genotyping A candidate polymorphism was found in exon 10 in
Neuron
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Figure 5. Lack of Expression of Inpp4a in Affected Mice and Expression Profile of the Gene in Multiple Tissues from Wild-Type C57BL/6J
(A) Shows a Northern blot on RNA isolated from the brain tissue of affected and unaffected mice hybridized with a probe designed upstream
of the mutation. Affected #1, #2, and #3 are samples from age-matched mice of different litters, wild-type littermate shows a littermate of
affected #3, and C57BL/6 wild-type shows an age-matched control animal. (B) Shows the lack of detectable Inpp4a message in brain RNA
of an affected mouse by RT-PCR compared to the amplification of the correct-sized product from a control mouse, while the internal -actin
control amplified from both samples. (C) Shows a multiple-tissue Northern blot hybridized with the same probe that was used for the blot in
(A). RNA was isolated from the indicated tissues at P28 from two control animals. Blots were stripped and rehybridized to a -actin probe.
The origin of the higher molecular weight band is unknown; however, this was also detected in a rat Northern blot by Norris and colleagues
(1995).
affected mice but was absent from the coisogenic cannot be excluded, especially since the mice do not
survive to adulthood.C57BL/6J-Aw DNA, strongly suggesting that this change
is causally associated with phenotype. The underlying
mutation was determined to be a deletion of a single Discussion
nucleotide (744G, Figure 4B), and the resulting frame-
shift is predicted to create a stop codon at amino acid Weeble mutant mice have a severe neurological pheno-
type characterized by cell loss in the cerebellum and263. This mutation would truncate most of the 939 amino
acid protein including the active site. hippocampus. In the cerebellum, there is evidence for
progressive Purkinje cell loss starting as early as P6.
However, when present in weeble mice, the PurkinjeExpression Analysis of Inpp4a
The expression profile of Inpp4a is generally consistent cells are at least localized properly, and dendritic arbors
are seen in a few more normal looking cells. The arborwith the disease phenotype. Inpp4a was isolated origi-
nally from rat brain; however, little else was known pre- itself can be quite extensive; therefore, the mutation
does not appear to affect arbor development. At P6–P8,viously about its expression. Strong expression was ob-
served in total RNA from brain and cerebellum (Figure the cell density of the external granular layer (EGL) ap-
pears normal, but there are fewer postmigratory granule5C). Expression elsewhere is detected only by RT-PCR
(data not shown) and in normalized EST libraries derived cells. Prior to P12, the proper folia and cortical layers
are still present, although the cerebellum is notablyfrom diverse tissues. An in situ hybridization was per-
formed on control brains from P16 mice to determine smaller. By P21, the cerebellum in affected mice has
almost completely degenerated. In the hippocampus,which cell types express Inpp4a. The highest levels of
expression are seen in the cerebellar Purkinje cells, the CA1 subfield is grossly intact during early postnatal
development, although apoptosis is observed as earlywhereas granule cells have more moderate levels (Fig-
ures 6E and 6F, inset in 6F). Moderate levels of expres- as P12, and most CA1 pyramidal neurons are lost by
P21. Higher than normal numbers of apoptotic cells weresion are also seen throughout the brain, including in the
hippocampal subfields, notably CA1, as well as in the also observed from P12 in the granular layer of the cere-
bellum and sporadically throughout the cerebral cortex.dentate gyrus (Figures 6A and 6D). The expression pat-
tern was comparable at P8 (data not shown). Although The apoptosis seen in the cerebellum of the affected
mice was most obvious in the postmigratory granuleInpp4a expression and phenotypic effects are most evi-
dent in the brain, a critical function for Inpp4a elsewhere cells, most likely due to the normal process of “pruning
Cerebellar and Hippocampal Defects in Inpp4a Mice
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Figure 6. In Situ Hybridization of Inpp4a to Wild-Type Postnatal Day 16 Brain
(A, C, and E) Show bright-field images of hematoxylin-counterstained sagittal sections. (B, D, and F) Show dark-field images of the respective
section. (A and B) Show the hybridization of the antisense probe. (C and D) Show the lack of hybridization of the sense probe. (E and F) Show
a magnified cerebellum hybridized with the antisense probe. Note the relatively high expression localized to the Purkinje cell layer. Also, we
note that the Inpp4a signal in cerebellar granule cells appears to have been quenched by hematoxylin counterstain; Inset in (F) shows strong
Inpp4a Purkinje cell expression (P) and modest granule cell expression (G) in a section that was not counterstained. No significant quenching
was seen in other regions (data not shown).
back” granule cells that have not synapsed with a Pur- vealed that the most extensive neuronal damage is in
the cerebellum and hippocampal CA1 subfield.kinje cell. Apoptotic Purkinje cells were not observed.
Examination of serial sections throughout the brain re- The unique combination of neuroanatomical abnor-
Neuron
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malities and the severe phenotype suggested that wee- cells, among the most notable pathological sites associ-
ble was not allelic to other known mouse mutations. ated with the weeble phenotype (Maeda et al., 1989).
Weeble was mapped to chromosome 1, and further lo- However, this may be only part of the pathology, as
calization drew our attention to Inpp4a, an excellent Ins(3,4)P2 and Ins(1,3,4)P3 are less-preferred substrates
candidate gene by virtue of its neural expression and for INPP4A than PtdIns(3,4)P2.
plausible functional consequences of its absence. The An alternative mechanism for the neuronal death in
absence of Inpp4a RNA products in weeble mutants Inpp4awbl mutant mice is a proliferation defect. Lack of
and genomic DNA sequencing led to the identification of INPP4A activity would presumably prevent the break-
a single base deletion in exon 10, resulting in a frameshift down of PtdIns(3,4)P2, which is produced by the activa-
leading to a premature stop codon prior to the phospha- tion of PI3-K by various growth factors. PtdIns(3,4)P2
tase active domain. The combination of the mutation was shown to directly bind and regulate Akt, a protoon-
and the lack of Inpp4a RNA (presumably resulting from cogene shown to be critical for neuronal survival during
nonsense-mediated decay) strongly suggest a func- development (Dudek et al., 1997). If the lack of Inpp4a
tional null allele. Although there were obviously severe leads to an accumulation of PtdIns(3,4)P2, then Akt may
consequences of Inpp4a mutation during postnatal de- be inappropriately activated, which may cause hyper-
velopment, it is intriguing that Inpp4a is not required proliferation. It has been shown that neurons which are
during early neuronal development despite the fact that forced to reenter the cell cycle by an ectopically ex-
it has been identified in embryonic cDNA libraries. Pre- pressed oncogene will undergo apoptosis rather than
sumably, Inpp4a is unnecessary for the survival of pre- divide (al-Ubaidi et al., 1992; Feddersen et al., 1997).
migratory neurons. Moreover, it was shown that hindbrain neurons reenter-
INPP4A was originally isolated from rat brain as an en- ing the cell cycle die immediately following migration
zyme that catalyzes the 4-position phosphate of Ins(3,4)P2, (Lee et al., 1994). Purkinje cells may suffer the same
Ins(1,3,4)P3, and to a greater degree PtdIns(3,4)P2. Ab- postmigration fate in weeble mice. Accordingly, a recent
sence of this enzyme would presumably cause a block study shows that Inpp4a is differentially expressed in
in the metabolism of Ins(1,4,5)P3 to inositol, the former megakaryocytes lacking the GATA-1 transcription fac-
a substrate for an important Ca2 release channel. There tor, a regulator of cell growth. It was also shown that
are several ways to make inositol from Ins(1,4,5)P3, de- reintroduction and overexpression of Inpp4a in GATA-1
pending upon the order in which the phosphates are megakaryocytes and NIH 3T3 cells reduces cell growth.
removed. In fact, for most tissues, it has been shown These results suggested that the absence of Inpp4a
that the breakdown of Ins(1,3,4)P3 is routed through a would contribute to the hyperproliferative phenotype of
pathway where the 4-phosphate is removed by inositol GATA-1 megakaryocytes and that Inpp4a is a regulator
monophosphatase. However, in bovine brain, the fa- of cell proliferation (Vyas et al., 2000). Preliminary find-
vored route was shown to be through the 4-phosphatase ings indicate multiple hematopoietic abnormalities in
(Bansal et al., 1987), consistent with our evidence of weeble mice, supportive of a role for Inpp4a in regulation
high brain expression and a neurological phenotype in of hematopoiesis (our unpublished data). The potential
recessive mutant mice. Expression analysis by Northern role of a neuronal proliferation defect of weeble mice is
blot showed brain-specific expression; however, RT- also consistent with all of these prior studies.
PCR analysis revealed expression in all tissues. In situ Other inositol pathway-related neurological mutations
hybridization showed that, while Inpp4a is expressed are associated with defects in synaptic vesicle dynam-
throughout the brain, levels are highest in Purkinje cells. ics. One common property of both primary affected cell
Given that Purkinje cells are lost the earliest in weeble types in weeble mice—cerebellar Purkinje cells and CA1
mice, this result is striking and is consistent with a cell- field pyramidal cells—is that they are both GABAergic.
autonomous defect. Although inositol 4-phosphatase Although some GABAergic neurons do not show overt
type I activity may be necessary in unaffected tissues
defects by P21, for example, in the olivary nuclei and
as well, at least through early postnatal development,
nucleus gigantocellularis, some selectivity may arise
the type II enzyme (encoded by Inpp4b) could provide
from the relatively late acquisition of inhibition in cellssurrogate function; it acts on the same substrates and
that rely upon Inpp4a. Indeed, the CA1 pyramidal cellis known to be highly expressed in the heart and skeletal
synapses do not develop functional inhibition until post-muscle (Norris et al., 1997) but has also been detected
natal week 2 (Schwartzkroin, 1981; Seress and Ribak,in the brain by RT-PCR (our unpublished data). Thus,
1988), prior to which the hippocampus of Inpp4awbl ap-some of the neuronal selectivity seen in weeble mice
pears normal and after which it degenerates. Similarly,might be explained by Inpp4b compensation.
the Purkinje cell loss in the cerebellum occurs beforeA disruption of the Ins(1,4,5)P3-to-inositol pathway
permanent mature synapses are formed (Altman andcould potentially cause imbalances in intracellular Ca2
Beyer, 1996). Together, these results suggest the possi-levels. Interestingly, subtle neural and developmental
bility that the signaling event defective in Inpp4awbl mu-effects are seen with lithium treatment, which is thought
tant mice is important for the maturation of inhibitoryto inhibit signal transduction by reducing the supply of
synapses.the inositol precursor necessary to generate Ins(1,4,5)P3
(Berridge et al., 1989). A similar “inositol depletion”
Experimental Proceduresmechanism may contribute to the neural developmental
defects seen in weeble mice, resulting from, for exam- Histology
ple, dysregulation of the Ca2 release channel, ITPR1, by For general histological analysis, a mixture of hematoxylin and eosin
Ins(1,4,5)P3, leading to Ca2 cytotoxicity and cell death. was used to stain brains from affected and normal littermates of
various ages (two to three mice per time point). Mice were genotypedITPR1 is highly expressed in the dendrites of Purkinje
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as described below to identify P4 and P8 affected mice, which Candidate Gene Evaluation
Brains from affected, unaffected littermate, and wild-type C57BL/cannot be visually identified. In brief, brains were removed and
placed in 3.7% paraformaldehyde (PFA) overnight, followed by re- 6J-Aw mice were collected. Total RNA was isolated using Triazol
Reagent (Life Technologies) as per manufacturer’s instructions. RT-peated washes with 70% ethanol. Brains from older mice were fixed
by transcardial perfusion with 3.7% PFA. Brains were paraffin em- PCR was carried out on 100 ng of template RNA from affected and
unaffected controls using the Titan-one RT-PCR kit (Roche). Thebedded and serially sectioned in the saggital plane at 6 m thick.
Sections were mounted on Poly-L-Lysine (Sigma) coated slides. following primer pairs were used: RT1F(ATGACAGCAAGAGAGCAC
AG), RT1R(CATTGTTCCCTGAGATCTGTC); RT2F(GACTGTGTGGCSections were stained using the following series of incubations and
washes: xylene, 10 min, two changes; 100% ethanol, 5 min, two CATGATGAG), RT2R(GTCTGTTGCTCATTGATGCC). PCR products
were electrophoresed on a 1.5% agarose gel.changes; 95% ethanol, 3 min; 70% ethanol, 3 min; distilled water,
10 min; Meyer’s hematoxylin, 5 min; tap water, 10 min; eosin, 5 A genomic sequence-based mutation assay was designed from
public BAC sequence. Primers were selected to amplify the entiremin; 95% ethanol, 5 min, two changes; 100% ethanol, 5 min, two
changes; xylene, 10 min, two changes. Sections were visualized exon and a certain amount of flanking intron sequence. PCR was
carried out as before, and products were analyzed by single-strandand imaged on a Nikon eclipse microscope using a Spot RT camera
and Photoshop (Adobe) software. For visualization of the Purkinje conformational polymorphism. The polymorphic exon 10 fragment
was sequenced using an ABI 3700 (Applied Biosystems). PCR-cells, anti-calbindin D-28K antibody (Sigma) was used. Affected
and unaffected mouse brains from P6, P8, and P12 were fixed in amplified DNA from an affected, an obligate carrier, and a wild-type
C57BL/6J-Aw mouse was used as template.methanol:acetic acid (3:1), embedded and sectioned as described
above. Sections were treated using the Mouse Rapid Staining Kit
(Sigma) as per manufacturer’s instructions and counterstained with
Expression Analysishematoxylin. TUNEL staining was performed on affected and unaf-
RNA was collected as before; 20 g of total RNA was electropho-fected mice from P10 and P21. PFA fixed brains were sectioned as
resed on a denaturing agarose gel (1.2% agarose/formaldehyde) atdescribed above. The ApopTag Fluorescein In Situ Detection Kit
75V for 4 hr. The RNA was transferred to a Nytran Plus membrane(Intergen Company) was used as per manufacturer’s instructions.
(Scheicher & Schuell). Probe primers were designed to amplify aDAPI was used as a counterstain.
region upstream of the mutation: probe 1F(TGACGCAATGCCATGT
AGTC); probe 1R(CATTGTTCCCTGAGATCTGTC). RT-PCR was used
to amplify the probe, the product was isolated and labeled as pre-Linkage and Fine Mapping
A C57BL/6J-Aw–wbl CAST/EiJ mapping cross that ultimately con- viously stated. Hybridization was carried out under the same condi-
tions noted earlier for the RPCI-23 High Density BAC Membranes,sisted of over 2000 meiosis was used for genetic mapping. The
phenotypic status of the mapping cross offspring was determined the only exception being that the blot was exposed for 2 days.
In situ hybridization was performed on P8 and P16 control brainsby 2–3 weeks of age, when the phenotype is obvious. Initial linkage
was determined using REVEAL PCR (Kaushik and Stoye, 1994). from C57BL/6J mice. Mouse brains were fixed in 4% PFA and em-
bedded in paraffin. Brains were sectioned and mounted on slides asAmplification of SSLP markers was performed with 40 ng of DNA
in an 10 l PCR reaction mixture containing 1.25 l PCR buffer (100 above. Slides were incubated in a series of solutions in the following
order: twice in xylene, 10 min; 100% ethanol; 95% ethanol; 70%mM Tris-HCl [pH 8.8], 500 mM KCl, 15 mM MgCl2, and 0.01% w/v
gelatin), 200 M each dATP, dCTP, dGTP, and dTTP, 2.5 pmol of ethanol; 50% ethanol, 2 min each; 0.86% saline, 5 min; PBS, 5 min;
4% PFA, 5 min; PBS, 5 min; Proteinase K in PBS (2 g/ml), 7 min;each forward and reverse primer, 0.25 U Taq polymerase, and 0.03
Ci of [P32]dCTP. Reaction mixtures were subjected to 40 cycles PBS, 5 min; 4% PFA, 5 min; PBS, 5 min; acetylate solution, 10 min;
PBS, 5 min; 0.86% saline, 5 min; 50% ethanol; 70% ethanol; 95%of 94	C for 30 s, 55	C for 30 s, and 72	C for 30 s. For SSLPs, products
were analyzed on denaturing (7.7 M urea) polyacrylamide gels (6%); ethanol; 100% ethanol, 2 min. Slides were air dried prior to hybridiza-
tion. Riboprobes were synthesized using the RNA Transcription Kitfor SNPs, products were analyzed on a nondenaturing polyacryl-
amide gel. The polyacrylamide gels were visualized by autoradiog- (Stratagene). In brief, the PCR product used as a probe for the
Northern blot described above was cloned into pCR4 Topo (In-raphy.
vitrogen). Clones were sequenced to verify the orientation and se-
quence of the insert. Plasmids were linearized, and sense and anti-
Physical Mapping sense probes were made using T3 and T7 polymerase, respectively,
The RPCI-23 High Density BAC Membrane (Research Genetics) was and 33P-UTP (NEN) as the label. To ensure the quality of the probe,
used to construct a BAC contig across the disease interval. A marker 1 l was electrophoresed on an agarose gel and exposed to film
known to be completely linked, R74740 [F(CTAAGCTGGGCAAATC overnight. The predicted sized product was obtained. The probe
CAAG), R(TCCCCATTTAAAGGAACGTG)], was used as a probe to was diluted to 70,000 cpm in a hybridization solution (50% for-
identify BAC clones from a high-density membrane. The marker was mamide, 20% dextran sulfate, 5 g/ml tRNA, 10% hybridization salt,
PCR amplified as described above, except no radionucleotides were 0.1M Tris [pH 8.0], 3M NaCl, 50 mM EDTA, 0.1 M NaH2PO4, 0.2% PVP,
used, and electrophoresed on a 1.5% agarose gel containing ethi- 0.2% Ficoll). The probe was incubated on the sections overnight at
dium bromide. The appropriate band was excised under UV light 60	C. Slides were washed in a series of solutions in the following
and recovered using the Qiaquick Gel Extraction Kit (Qiagen). PCR order: 5 SSC at 60	C, 30 min; 50% formamide/2 SSC at 60	C,
product (50 ng) was labeled with dCTP-P32 using Ready-To-Go La- 30 min; NTE at 25	C, 10 min; NTE at 37	C, 15 min; RNase in NTE (1
beling Beads and recovered with ProbeQuant G-50 Microcolumns g/ml) at 37	C, 15 min; 50% formamide/2 SSC at 60	C, 15 min;
(Amersham Pharmacia) as per manufacturer’s instructions. The 2 SSC at 25	C, 15 min; 0.1 SSC, 15 min; 50% ethanol; 70%
RPCI-23 BAC membrane was prehybridized for 2 hr [50% (v/v) for- ethanol; 95% ethanol; 100% ethanol, 2 min each. Slides were air
mamide, 7% (v/v) SDS, 1 mM EDTA, 5 Denhardt’s solution, 32 mM dried and exposed to film overnight. Slides were then dipped in
Na2HPO4, 8 mM NaH2PO4, 200 ug/ml single-stranded DNA] after emulsion and incubated for 1 week at 4	C then developed.
which 2  107 cpm of denatured probe was added. The probe was
hybridized to the membrane overnight at 42	C. The membrane was
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